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We demonstrate a coherent and dynamic beam splitter based on light storage in cold atoms.
An input weak laser pulse is first stored in a cold atom ensemble via electromagnetically-induced
transparency (EIT). A set of counter-propagating control fields, applied at a later time, retrieves
the stored pulse into two output spatial modes. The high visibility interference between the two
output pulses clearly demonstrates that the beam splitting process is coherent. Furthermore, by
manipulating the control lasers, it is possible to dynamically control the storage time, the power
splitting ratio, the relative phase, and the optical frequencies of the output pulses. The active beam
splitter demonstrated in this work is expected to significantly reduce the resource requirement
in photonic quantum information and in all-optical information processing as a single cold atom
ensemble can functionally replace a variety of optical elements, including beam splitters, mirrors,
phase shifters, and optical quantum memories.
PACS numbers: 32.80.Qk, 42.50.Ex, 42.50.Gy
Photonic quantum computation has received much at-
tention over the last decade due to the demonstration of
scalability using single-photon sources, projective mea-
surement, and linear optical elements such as beam split-
ters, phase shifters, and mirrors [1]. In addition to these
elements, quantum memories are essential in synchroniz-
ing multi-photon events to increase the success proba-
bility of linear optical quantum gates [1–3]. Recent ad-
vances in miniaturized photonic circuits on a silicon chip
may reduce the experimental overhead in managing many
such linear optical elements [4]. Here, we demonstrate
a cold-atom based approach to consolidate different lin-
ear optical operations and a quantum memory in a sin-
gle device. By employing EIT-based light storage, we
demonstrate that a weak laser pulse can be coherently
and dynamically manipulated in a cold atom ensemble
to perform beam splitting, reflection, and phase shifting,
in addition to quantum memory operation.
Beam splitters play a crucial role in quantum op-
tics and photonic quantum information, as demonstrated
in the Hanbury-Brown–Twiss experiment [5], the Hong-
Ou-Mandel effect [6], implementation of photonic quan-
tum gates [1, 4], etc. While beam splitters based on
passive linear optics are widely available at low cost,
there are growing needs for dynamic beam splitting de-
vices in which the splitting ratio can be easily varied.
Moreover, such devices integrated with coherent optical
memory functionalities can significantly reduce resource
requirement in photonic quantum information and all-
optical information processing. Coherent optical mem-
ories or quantum memories for photons have recently
been demonstrated by utilizing coherent atom-photon in-
teraction schemes, e.g., EIT [7–10], the DLCZ protocol
[11, 12], and Raman memory [13, 14]. Dynamic beam
splitting devices based on such atom-photon interaction
schemes, therefore, would allow an integrated photonic
device in which quantum memory and linear optical func-
tionalities are combined.
Recently, controllable beam splitting in frequency or
time modes has been demonstrated by using the gradi-
ent echo memory scheme [15], with a double-tripod EIT
scheme [16], and with a tripod EIT scheme [17]. Dy-
namic beam splitting in the spatial modes which func-
tions as a variable beam splitter [18], however, has not
been implemented in a long-coherence atomic medium.
Spatial beam splitting has, nevertheless, been demon-
strated in warm atomic vapor relying on the EIT effect
and natural atomic thermal motions in which atoms with
light-induced ground state coherence can move freely to
another spatial channel at which the ground state coher-
ence is retrieved back to light [19]. Since this scheme
relies on atomic thermal random motion rather than a
phase-matched process, only a small fraction of the in-
put light can be retrieved at the second spatial channel.
There have been several theoretical proposals for efficient
spatial splitting of a signal beam by using a cold atom
medium with two control beams [20–22], but due to dif-
ferent physics, these schemes are inapplicable for warm
atomic vapor. For instance, in warm vapor, light retrieval
can occur only in the spatial mode with the stronger con-
trol field [23], whereas, in the cold atoms, the input sig-
nal beam is split into two spatial modes according to the
power ratio of the two control fields [20].
In this paper, we propose and demonstrate coherent
and dynamic beam splitting of a weak laser pulse into
two spatial modes, precisely resembling a variable beam
splitting operation of a linear optical device [18]. Our
scheme is based on the EIT-based light storage scheme
in a cold atom ensemble: The photonic excitation of a
weak laser pulse is mapped into an atomic coherence,
called the spin wave [7, 10]. After a controlled delay, two
nearly counter-propagating control beams are applied to
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FIG. 1. Experimental setup. (a) Conceptual schematic of the Mach-Zehnder interferometer utilizing the beam splitter based
on EIT light storage in a cold atom ensemble. (b) The input signal is resonant with |g〉-|e〉. Two control lasers are applied
between |s〉-|e〉: on resonant for the forward control (ωfwc) and with a detuning ∆ for the backward control (ωbwc). The input
signal is then split into the two output beams: forward output (ωfwo, resonant to |g〉-|e〉) and backward output (ωbwo, with
a detuning ∆ to |g〉-|e〉). All fields are σ+ polarized. (c) The weak signal pulse is launched into an 87Rb MOT when the
strong forward (FW) control beam is turned on. The angle between the FW control and the signal is 0.3◦. Storage of the
signal is achieved simply by turning off the FW control. After a certain storage time, the input signal can be retrieved into the
forward (FW) or backward (BW) outputs by turning on the FW or BW controls, respectively. AOM: acousto-optic modulator.
BS: non-polarizing beamsplitter. PBS: polarizing beamsplitter. QWP: quarter wave plate. SMF: single-mode fiber. APD:
avalanche photodiode.
retrieve the signal beam into two spatial modes whose
directions are determined by the phase matching condi-
tion. As the scheme is based on a phase-matched process,
light retrieval can be highly efficient. Experimentally, we
demonstrate dynamic beam splitting with the quantum
memory operation. We show that, between the two out-
put spatial modes, it is possible to control the power
splitting ratio, the relative phase, and the relative fre-
quency shift. High visibility interference between the two
output modes confirms that the beam splitting process
is coherent.
The essential features of the experiment are depicted
in Fig. 1(a). A weak signal pulse of ∼50 nW is split into
two directions at the atomic ensemble after a certain pe-
riod of coherent light storage. The two output beams are
then superposed at a linear optical beam splitter to form
a Mach-Zehnder interferometer. The energy level dia-
gram for the cold atoms and the detailed experimental
schematic are shown in Fig. 1(b) and Fig. 1(c), respec-
tively. 87 rubidium cold atoms (< 1 mK) are prepared by
a magneto-optical trap (MOT). After loading the neutral
atomic ensemble, the trapping magnetic field is turned off
and all the atoms are optically pumped into the ground
state, |g〉 =
∣
∣5S1/2, F = 1,mF = 1
〉
. The other rele-
vant atomic levels are |e〉 =
∣
∣5P1/2, F ′ = 2,mF ′ = 2
〉
and
|s〉 =
∣
∣5S1/2, F = 2,mF = 1
〉
. The quantization axis is
set to be the same as the propagation axis of the signal
field. The properties of the medium is characterized by
measuring the two-level transmission and the three-level
EIT transmission spectrum. Optical depth (OD) is mea-
sured to be 21 and the ground state dephasing rate is
measured to be γgs = 2π × 3.8 kHz. The decay rate of
the |g〉-|e〉 transition is Γ/2 = 2π × 2.9 MHz. The for-
ward (FW) control laser is first turned on, illuminating
the whole atomic ensemble, after which the signal pulse
is sent for the beam splitting experiment. The whole
procedure is repeated every 50 ms.
The horizontally (H) polarized input signal pulse is
transformed to right circular polarization and focused
into the atomic ensemble of cold atoms. The FW con-
trol is turned on to open the transparency window for
the signal pulse and then adiabatically turned off to map
the signal pulse into the atomic spin wave. The angle
between the FW control and the signal is 0.3◦. After a
programmable storage, the controls are turned back on to
convert the spin wave back into photonic excitation, i.e.,
the output beams. The direction ~ko and the frequency
ωo of the output are determined by the following phase
matching condition [24],
~ks − ~kfwc = ~kspin = ~ko − ~kc, (1)
ωs − ωfwc = ωspin = ωo − ωc, (2)
where ~kspin (~ks, ~kfwc) and ωspin (ωs, ωfwc) are the wave
vector and frequency of the spin wave (signal, FW con-
trol), respectively. The wave vectors and the frequency
of the control beams (i.e., retrieval control) used for gen-
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FIG. 2. Variable beam splitting. The thick red (orange) line
represents the on/off sequence for the FW (BW) control laser.
The input signal is stored into the atomic ensemble by turning
off the FW control laser. The blue (green) trace shows the
detected FW (BW) output. (a) 100:0 beam splitting. The
stored signal is retrieved completely into the FW output by
turning on the FW control. (b) 50:50 beam splitting. The
stored signal is retrieved into both the FW and BW outputs
by simultaneously applying the FW and BW controls at the
same Rabi frequency. (c) 0:100 beam splitting. The stored
signal is retrieved completely into the BW output by turning
on the BW control. In all cases, ∆ = 0. The superimposed
solid curves are due to numerical simulation. See text for
details.
erating the output beams are ~kc and ωc, respectively.
According to Eq. (1), if we assume ~kc = ~kfwc, then
~ko = ~ks, i.e., the direction of the output signal is the same
as that of the input if the retrieval control is the same as
the FW control. On the other hand, if we consider the
condition ~kc ≃ −~ks, then ~ko ≃ −~kfwc. That is, if the
retrieval control is in the backward (BW) direction, the
output is nearly opposite to the FW control as sketched
in Fig. 1(c). The input signal beam can be split into
two output directions if both FW and BW controls are
applied to the cold atom medium at the same time, thus
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FIG. 3. Numerical simulation of the signal propagation. The
group velocity of the signal is reduced when it encounters
the EIT medium located between 0 to 10 mm. The photonic
component of the signal disappears at 2.4 µs when the FW
control is turned off as it is mapped to the atomic spin wave
excitation. By turning on the FW and BW controls at 4.4 µs,
the input signal stored in the EIT medium is retrieved into
the FW and BW outputs. OD is set to be 100 to consider a
situation with negligible signal leakage.
functioning as a dynamic beam splitter. Note that this
process is not possible in a warm vapor. In a medium
with a large Doppler shift, instead of beam splitting, light
retrieval can occur only in the spatial mode with the
stronger control field. This is due to the fact that higher
spatial-frequency components of Raman coherence decay
quickly in warm vapor [20, 23].
The experimental results for dynamic beam splitting
are shown in Fig. 2. Here, the detuning ∆ of the BW con-
trol from the |s〉-|e〉 transition is set to zero. Part of the
input pulse is stored in the cold atom medium by turning
off the FW control. The Rabi frequency of the FW con-
trol is Ωfwc = 2π × (5.8 ± 0.2) MHz. The early-arriving
part of the pulse leaks out from the medium without be-
ing stored before the turn-off of the FW control at 2.05
µs. After a controllable delay which is set to 1.93 µs, the
controls are turned on for mapping the spin wave back
into photonic excitation. In Fig. 2(a), only the FW con-
trol is turned on at 3.98 µs with Ωfwc = 2π × 5.7 MHz.
Just as in normal EIT storage, all the stored light is re-
trieved into the FW output, making the cold atom ensem-
ble to function as a coherent optical buffer or a quantum
memory. For 50:50 beam splitting, the BW control with
Ωbwc = 2π × 6.6 MHz is simultaneously turned on with
the FW control as shown in Fig. 2(b). In this case, the
spin wave is split into almost opposite directions in the
atomic ensemble and the two counter-propagating out-
put beams are retrieved. The medium thus functions as
a 50:50 beam splitter if the effective strengths of the FW
and BW controls are the same. If effective Rabi frequen-
cies of the controls are different, the medium functions
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FIG. 4. Demonstration of coherence between the two ouputs.
(a) High visibility interference of 99.1% is observed between
the two output beams in the experimental setup depicted
Fig. 1. The phase difference between the two output beams
can be controlled by changing the RF phase difference φ2−φ1.
Each data point is acquired by integrating the grey region of
the output trace shown in the inset. The experiment is done
at ∆ = 0. (b) If the detuning ∆ is non-zero for the BW con-
trol, the frequencies of the BW and FW outputs will differ,
thereby causing beating between the two outputs.
as an asymmetric beam splitter in which more power is
emitted in the direction of the stronger control. As shown
in Fig. 2(c), it is possible that all the stored light is re-
trieved in the backward direction by turning on the BW
control only, thus making the medium to function as a
mirror integrated with a quantum memory. The pulse
width of the BW output in Fig. 2(c) is narrower than
that of Fig. 2(a) due to the fact that the BW control is
larger, Ωbwc = 2π × 7.7 MHz for Fig. 2(c).
Our experimental results are well explained by the nu-
merical simulation shown in the solid lines of Fig. 2.
The numerical simulation is based on the Maxwell-Bloch
equations for light propagation [25]. By comparing the
experimental data in Fig. 2 and the results of numerical
simulation using the measured values of OD and γgs, we
extract the effective values of the Rabi frequencies. The
two-dimensional numerical simulation in Fig. 3 showing
the singal propagation in the medium was done by fur-
ther assuming Ωfwc = Ωbwc = 2π × 7.6 MHz and OD is
set to be 100 to consider a situation with negligible signal
leakage.
We now examine coherence between the two output
beams by superposing them at a linear optical beam split-
ter, forming a Mach-Zehnder interferometer in which the
first beam splitter is made of a cold atom ensemble, see
Fig. 1(a). If the FW and BW output beams in Fig. 2(b)
are mutually coherent, high visibility interference is ex-
pected. For this experiment, the detuning ∆ is set to
zero so that the frequencies of the FW and BW out-
puts are identical. The experimental result is shown in
Fig. 4a and it clearly shows high visibility interference be-
tween the FW and BW output beams, confirming that
the beam splitting process is coherent. It is interesting
to note that the phase difference between the FW and
BW output beams can be varied by changing the rela-
tive phase between the two control fields. In experiment,
the relative phase is controlled by the phase difference
between the RF signals, φ2 − φ1, applied to the acousto-
optic modulators (AOM) for generating the FW and BW
controls. This results suggests that, with the input sig-
nal in the single-photon state, our scheme can be used to
prepare a single-photon dual-rail entangled state of the
form, |ψ〉 = sin θ|1〉
fw
|0〉
bw
+ cos θeiδφ|0〉
fw
|1〉
bw
, where
tan θ = Ωfwc/Ωbwc and δφ = φ2 − φ1.
As seen from Eq. (2), it is possible to perform a dy-
namic beam splitting operation in which one of the two
outputs has slightly different frequency than that of the
input if ωc 6= ωfwc. In experiment, this can be achieved
by simply setting ∆ 6= 0 in Fig. 1(b). The experimen-
tal result for such a case is shown in Fig. 4(b) in which
beating is observed with the period of 2π/∆. This result
reconfirms that the dynamic and coherent nature of the
beam splitting operation based on the light storage in
cold atoms.
In conclusion, we have demonstrated a coherent and
dynamic beam splitter by means of an EIT-based light
storage in cold atoms. Since coherent conversion be-
tween photonic and atomic spin wave excitations is at the
heart of the atom-based optical beam splitter, our beam
splitter scheme naturally incorporates quantum memory
functions. If, instead of the conventional EIT medium,
the Rydberg-EIT medium is used [26, 27], our beam split-
ter scheme can further incorporate the process of single-
photon filtering from a weak laser, potentially enabling
direct generation of single-photon dual-rail entanglement
from a weak laser. Although the beam splitter scheme
was demonstrated with a weak laser pulse, it is neverthe-
less applicable to the single-photon input signals [28, 29].
Our scheme may also be used for other types of EIT me-
dia with negligible Doppler broadening [20]. Note that,
in this work, we have demonstrated a 1×2 beam splitting
device based on a cold atom medium. It is however pos-
sible to extend the scheme to N×M beam splitting, sup-
porting N input and M outputs, using the fact that the
EIT medium can be excited with multiple spin wave com-
ponents and the phase matching condition allows various
5possible directions for light storage and retrieval. Such
an N ×M beam splitter based on the EIT medium may
offer new possibilities for multiplexed all optical informa-
tion and photonic quantum information.
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